Abstract: Squaraine (SQ) dyes are an important class of electron-donating (donors or p-type) semiconductors for organic solar cells (OSC) due to their facile synthetic access, broad optical absorption with high oscillator strengths, and chemical robustness. Blending them with compatible electron-acceptors (acceptors or n-type) yields OSC devices known as bulk-heterojunction (BHJ) small molecule donor organic solar cells (SMD-OSCs). Through extensive research on materials design, synthesis, characterization, and device optimization over the past ve years, SMD-OSCs employing SQ-based structures have achieved remarkable increases in device power conversion e ciency (PCE), now approaching 8%. Although these PCEs have not yet equaled the performance of stateof-the art donor polymers and some other SMD semiconductors, SQ-based OSC progress highlights successful and generalizable strategies for small molecule solar cells that should lead to future advances. In this review, recent developments in SQ-based OSCs are discussed and analyzed.
Introduction
During the past three decades, organic solar cells (OSCs) or organic photovoltaics (OPVs) have attracted considerable scienti c and technological interest compared to conventional PV technologies based on traditional inorganic semiconductors [1] [2] [3] [4] since printed, inexpensive, and mechanically exible OSC/OPV modules can be fabricated on plastic substrates such as PET and PEN at low temperatures (< 120
• C) using less capital intensive, high throughput roll-to-roll solution-process methodologies such as slot-dye, bar coating, and gravure/ exo printing [5] [6] [7] [8] [9] [10] .
The major OSC gure of merit, the power conversion eciency (PCE) values of OSCs are now surpassing those of amorphous silicon and dye-sensitized cells, however, they remain signi cantly below those of mature crystalline silicon (Si) and cadmium-indium-gallium-sul de (CIGS) technologies or recently disruptive solution-processed perovskite solar cell devices. However, since projected OSC modules do not contain toxic elements or require complicated/expensive vacuum-based fabrication processes, solar cells based on organic semiconductors continue to be a leading contender for inexpensive, ultra-light, and possibly optically transparent solar technology commercialization. A blend of two semiconductors, an electron donor and an electron acceptor, forming a bulk heterojunction (BHJ), is the most common photoactive layer in OSCs. This layer is then sandwiched between two electrical contacts, one of them optically transparent and typically a transparent conducting oxide (TCO) such as ITO (tin-doped indium oxide) and a second electrode which could be either a metal, a conductve metal-oxide/conducting hybrid polymer, or a mesh of carbon nanotubes, metal nanowire, or graphene to cite just a few (Fig. 1 ). Additional charge (hole and electron) extracting interfacial layers are used to ensure e cient charge extraction, active layer-electrode cohesion, and thus to maximize PCE. Since groundbreaking discoveries informing the design for the two types of BHJ semiconductors [11] [12] [13] , polymer donor+fullerene acceptor OSCs experienced great initial activity because fullerenes are commercially available, excellent electrontransporting semiconductors [14, 15] , and enable optimal BHJ blend morphologies with many donor polymers [16] [17] [18] . Nevertheless, recent studies reveal that fullerenes also exhibit several drawbacks that may limit the long-term viability of the OSC eld [14] . First, fullerenes and particularly those based on C (e.g., PC BM) have very poor optical absorption in the visible/NIR regions, thus limiting energy harvesting. Although C -based acceptors (e.g., PC BM) with superior optical cross-sections outperform C derivatives, they are too expensive for commercialization. Second, it is challenging to tune the molecular orbital energies of fullerenes since most have LUMO (lowest unoccupied molecular orbital) energies xed near − . eV, and laborious skeletal functionalization can only upshift the LUMO by~250 meV at best [19] . Futhermore, most fullerenes are also unstable during OSC operation due to core dimerization reactions and/or morphological instability of the corresponding BHJ blend lm [20] [21] [22] [23] .
To overcome the above limitations, a number of studies have addressed the development of non-fullerene OSCs ( Figure 2 ). The rst type of non-fullerene OSC was the socalled all-polymer solar cell (all-PSC) based on two semiconducting polymers with one functioning as the donor and the other as the acceptor. The second type of nonfullerene OSC was based on non-fullerene semiconducting small molecule acceptors (SMA-OSCs). Although the rst example of non-fullerene BHJ OSCs was reported as early as 1995 [13] , the development of this eld was slow and mostly limited by the lack of high electron mobility polymeric or small molecular acceptors having optimal BHJ blend morphology. In 2007, an important breakthrough was made by Marder and coworkers who demonstrated an e cient all-polymer OSCs based on a novel polymeric acceptor [24] , and the development of non-fullerene OSCs has accelerated since then [25] . The concurrent optimization of both structure and electronic characteristics of both donor and acceptor polymers could signi cantly enhance all-PSC performance metrics, now surpassing 11% for a binary single junction cell [26] .
From a band structure point of view, all-PSCs provide the freedom to tune molecular orbital energy and topology and thus the optical absorption characteristics of both donor/acceptor polymers for optimal solar light harvest- showing the photon to charge conversion process with a photoexcitation energy equal the energy gap (Eg) of the donor: I) Under irradiation, an electron is photoexcited from the HOMO (highest-occupied molecular orbital) to the LUMO (lowest-unoccupied molecular orbital) of the donor forming an exciton (intramolecular hole-electron pair, yellow dash line). Note, the same process (not shown) occur in the acceptor; II) The exciton di uses to the donor-acceptor interface, and the electron hops to the LUMO of the acceptor forming the charge transfer (CT) state (intermolecular hole-electron pair, gray dashed line); III) The CT dissociates into a free hole and electron, which move in the donor and acceptor domain, respectively; IV) The hole and electron are collected at the anode and cathode, respectively, to generate the photocurrent. (c) Current vs. voltage plot showing OSC gure-of-merits including short circuit current density, J SC ; open circuit voltage, V OC , ll factor, FF, and the power conversion e ciency, PCE.
ing [27] . Furthermore, from the charge transport perspective, acceptor polymers can potentially o er a more connected network for charge transport and potentially larger bulk electron mobilities than fullerene materials [28, 29] Finally, superior thermal, mechanical, and photo stability may be possible for all-PSCs [30] [31] [32] . Several families of acceptor polymers have been developed to date (Figure 2 ) with the most notable based on perylenediimide (PDI) [33] , naphthalenediimide (NDI) [34] , and azaacene skeletons containing boron-nitrogen coordination bonds [35, 36] , with the NDI-based cells a ording the greatest performance to date [37, 38] .
Major advances in non-fullerene SMA OSCs were limited until about ve years ago and mostly involved perylene diimide (PDI) acceptors with tunable architectures and electronic structures, with the highest PCEs typically less than~4% [39] [40] [41] [42] [43] . Although PDIs are excellent electron-transporting semiconductors their pronounced tendency to aggregate/crystallize prevents optimal BHJ morphology formation due to excessively large domains formed (>1 µm in size) when blended with donor polymers [41] . For these reasons, breakthroughs followed by simultaneously suppressing PDI aggregation and retaining e cient electron transport characteristics, with PCEs reaching near 9% [44, 45] .
Beyond the PDI acceptor family, the current state-ofthe-art SMA family yielding even higher PCEs is that based on the 3,9-bis(2-methylene- (3- 
(ITIC) molecular core ( Figure 2 ) -a linear-shaped molecule end-functionalized with two electron-de cient groups and having sp -hybridized carbon atoms on the core to suppress excessive aggregation [46] . Such systems are π-conjugated and planar along the molecular axes, exhibit good electron mobilies, strong visible-NIR optical absorption, reoganization energies equal to or less than those of fullerenes, π-π packing coupling integrals rivaling or exceeding those of fullerenes, and tunable band gaps. More importantly, these ITIC OSCs can exhibit unusually low V OC loss and ultra fast charge separation, o ering the potential to drive OSC PCEs to new highs [47] [48] [49] [50] . The recent development of ITIC-based SMAs demonstrates that both backbone and side chain engineering play an important role in tuning their absorption, energy levels and corresponding lm morphological properties [51, 52] .
The highest PCE achieved for a non-fullerene based solar cell has now surpassed 16% [53] .
Far less explored are OSCs based on small molecule donor semiconductors (SMD-OSCs), with initial studies mostly involving vacuum-evaporated insoluble marterials such as acenes and phthalocyanines, and other linear and dentritic oligothiophenes enabling PCEs of~2% [54, 55] . Advances have included the use of design rules employed in the NLO (nonlinear optics) literature, where the π-conjugated backbone consist of alternating multiple donor-acceptor (D-A) blocks, for e cient molecular orbital energetic tuning, red-shifting of the optical absorption, and morphology optimization when blended with fullerenes. Among the prominent D units include(benzo)-fused dithienosilole (DTS), benzodithiophene (BDT), and indacenodithiophene (IDT), while A moieties are typically diketopyrolopyrrole (DPP), uorinated bezothiadiazole (F,-BT), and piridothiadiazole (PT). Most of these molecules are end-capped with electron acceptor units, as in the case of the SMA design, such as rhodamine-type and dicyanovinylene units. Blending these molecules with fullerenes has enabled PCEs as high as~10% [56, 57] with recent breakthroughs for binary single junction SMDOSCs surpassing 12% [57] [58] [59] . These results indicate important advances in small molecule materials design but also highlight the fact that these types of PSCs currently exhibit performance below that of state-of-the-art polymer-SMA OSCs. Nevertheless, lessons learned provide insight into broad applicability from solution to vapor-processed systems, chemical scalability, and tuning of electronic structure considering that both BHJ components are, in these systems, structurally well-de ned. In this context, SMD materials based on squaraine cores are promising components for a further advances of the solar cell eld as highlighted in the next section.
Brief History of SQ organic solar cells
Due to their intense, broad absorption bands in the visible and near infrared (NIR) regions, excellent photochemical and photophysical stability, and facile synthetic access, squaraine (SQ) dyes have attracted great attention for organic solar cells (OSCs) [60] [61] [62] [63] [64] [65] [66] [67] . The evolution of the PCE for SQ for OSCs is displayed in Figure 3a and the molecular structures used in these studies are listed in Figure 3b . In 1976, Merritt et al. rstly used squaraine as photoactive layer for OSC devices, in which symmetric squaraine (SSQ) 1 was sandwiched between a transpar-ent In O anode and a metal (Ga) cathode using Schottky barrier-type cell [68] . However, due to the low dissociation e ciency of the photogenerated excitons only a modest power conversion e ciency (PCE) of 0.02% was reported. These poor early results probably discouraged OSC activity for squaraines and other materials, until the introduction of p-n junction/bulk heterojunction (BHJ) OSC architectures with fullerenes some years in the early 1990s. An important milestone for SQ based OSCs was achieved by this laboratory in 2008, when for the rst time a PCE > 1% was achieved for a SQ-based OSC [69] . Thus, branched alkyl chain substituents on the pyrrole impart good squaraine solubility which is essential for solution processing. Moreover, the lm optical absorption is intense and broad (550-900 nm) which is an important prequesite for high-J SC cells. A solution processed blend using the symmetric SQ dye 2 as the electron donor and PC BM as the acceptor was used to fabricate a conventional device of structure of ITO/PEDOT:PSS /2:PC BM/LiF/Al. After this report, SQ based solar cell research accelerated. In 2009, Würthner et al. synthesized a series of central dicyanomethylene (diCN) substituted SQs such as structure 3 and fabricated cells with achieving a PCE of 1.79% with an impressive short-circuit current (Jsc) of 12.6 mA cm − , which was the highest Jsc value for small molecule OSCs at that time [70] . This study inspired a large community to work on SQ solar cells. Due to the strong light harvesting capacity in the vis-NIR regions and proper energetic levels, the symmetric SQ 4 became the most widely utilized material for OSC research. In 2009, Thompson et al. used the SQ 4 as the donor and C as the acceptor to fabricate planar heterojunction (PHJ) OSCs with a remarkable PCE of 3.2% [71] . The same group further enhanced the PCE of SQ 4-based solar cells to 4.6% [72] and then 5.5% [73] using a BHJ architecture. In 2012, Kido et al. used the SQ 4 as donor and C as the acceptor to fabricate BHJ-OSCs devices by vacuum co-evaporation, which raised the PCE of SQ solar cells to 6.1% [74] . Furthermore, based on the SQ 4 structure, a series of symmetrical SQs were synthesized via side chain modi cation by Forrest et al. Among them, when employing SQ 5 as the donor and C as the acceptor to fabricate planar OSCs as the front subcell of a tandem device (back cell: SubPc: C ), yielded a PCE of 6.6% [75] . Next, unsymmetrical SQs (USQs) began to receive greater attention in the OSC literature due to more e ective tuning of the optoelectronic properties as well as enhanced solubility in common organic solvents. In 2009, Nüesch et al. rst employed USQ 6 as the donor and C as the acceptor to fabricate planar solar cells [76] . Although the PCE was only 1%, the result stimulated the research interest in using USQs as OSC donor materials. Subsequently, Forrest et al. employed USQ 7 as the donor in a planar device with C , and obtained a PCE of 4.0% [77] . Tandem OSCs fabricated using the SSQ 5 and USQ 7 with C as the front planar cell and tetraphenyldibenzoperi anthene (DBP) with C as the back planar cell achieved an excellent PCE of 8.3%, which remains the highest value of a SQ based OSC cells to date [78] . In the same year, Huang et al. rst used arylamine and heterocyclic donor fragments in a series of USQs and fabricated solution-processed BHJOSCs with PCBM as the acceptor; these achieved PCEs near 4% [79, 80] . Following these results, additional efforts employing USQs 7 and 8 achieved similar performance [77, 81] . In 2015, by combining structural components developed in the work of Marks et al. [61] , Huang et al. subsequently utilized hydrazone end-capped pyrrole and arylamine derivatives to develop a new USQ series. Among them, USQ 9 blended with PCBM resulted in BHJ-OSCs with PCEs of 4.35%, which was the highest reported value for solution-processed USQ-based cells at that time [82] .
With tremendous e orts on materials design and synthesis as well as device optimization by the squaraine community, the PCEs of SQ-based OSCs have increased from 0.02% to 8.3% over the past decades. However, in comparison to state-of-the-art organic solar cells, the squaraine families still produce modest PCEs. In comparing the OSC metrics, the lower PCEs mainly originate from non-ideal FFs (< ∼ 0.50) which can ascribed to the low hole mobility, generally ∼ 10 − cm V − s − in the blend lms. Increasing squaraine hole mobility is one key issue which should be addressed to enhance the PCEs of squaraine-based cells.
Synthetic Strategies for New SQ Dyes
Synthetic strategies for new photoactive squaraine dyes vary depending on the molecular structure desired since these molecules can be either symmetric ( Figure 4 , X = Y) and unsymmetric ( Figure 4 , X ≠ Y), as well as the chemical reactivity of the anking end-groups [83] [84] [85] [86] . Squaraine dye families containing 1,2-squarate derivatives and 1,3-squarate derivatives have been the most widely investigated for organic functional materials. For 1,2-squarate derivatives, synthetic routes usually use 3,4-dichlorocyclobutene-1,2-dione in an acylation reaction [65] . Several routes have been developed to synthesize the 1,3-squarate derivatives, however, the most common involves the condensation reaction of squaric acid with an (hetero)aromatic molecule possessing a nucleophilic site ( Figure 4 ). This can originate from an electronrich arene/heterocycle or upon deprotonation of an acidic functionality generating a carbanion. Thus, the most common end-groups consist of substituted alkyl anilines, phenols, pyrroles, indoles, and anhydrous bases. Thus, the synthesis of symmetrical squaraines simply consists of the reaction of one equiv. of squaric acid and two equivs. of a (hetero)aromatic reagent, typically in a re uxing alcohol (e.g., n-butanol), toluene, or benzene-alcohol mixtures. This widely used general synthetic method was developed by Sprenger et al. [87] , where squaraine synthesis was carried out in an azeotropic solvent mixture containing 1-butanol and benzene. Optimization of this procedure was further developed by Law et al. [88] , who found that this reaction in re uxing 2-propanol in the presence of 3 reactantequiv. of tributylorthoformate enhances yields. The authors proposed that the major side reaction limiting the yield was esteri cation of the cyclobutenedione during the synthesis, and the use 2-propanol greatly suppresses this.
In contrast, unsymmetrical squaraine synthetic methodologies require multi-step reactions and typically a ord poorer yields. Generally there are two synthetic routes to access unsymmetrical SQ dyes, speci cally acylation with squaryl chloride or the reaction of squaric acid ester with an (hetero)aromatic reagent [89, 90] . However, similar to the synthetic routes to symmetric SQ dyes, these reactions are only e cient when using electron-rich (hetero)aromatic reagents. For those having electron-poor (hetero)-aromatic reagents, synthetic approaches to unsymmetrical SQs usually involve the use of organic lithium or tin compounds (See Figure 4 for details) [91] [92] [93] . Nevertheless, when compared to most other small molecule donors, the synthesis of SQs is more e cient and sustainable.
Squaraines for binary BHJ solar cells
In this section the review focuses on progress in squarainebased solar cells since 2015, including the development of novel squaraine structures ( Figure 5 ) and their applications in binary solar cells (Table 1 ) [60] . In 2014 Huang et al. rst used the indoline unit as the π-donor endgroup for squaraines considering the electron-donating nature of this heterocycle, commercial availability, and facile functionalization [79] . A respectable PCE of 4.29% was demonstrated using squaraine 10 as electron donor and PC BM as electron acceptor. Currently, most of the high-performance squaraines contain indoline as the key subunit. For example, Huang et al. developed many new indolines for implementation in squaraine-based solar cells [82, 94] . However, since indolines are strong electron donor units, they lead to SQs having a very high HOMO levels, yielding devices with low V OC values. Thus, the HOMO level of structure 10 lies at − . eV, so that using unsubstituted indoline as building block leads to OSCs with a V OC of 0.82 V with PC BM as the electron acceptor [79] . Lowering the electron donating capacity of the indoline unit is thus a promising strategy to enhance SQ solar cell performance. In 2015, Huang et.al implemented this strategy by functionalizing indoline with the strong electron withdrawing cyano (-CN) group [95] .
Compared to the cyano-free squaraine 10, SQ 11 shows comparable optical absorption in the lm state with λmax values of 633 nm and 718 nm, respectively. Additionally, the -CN substituent does not a ect the BHJ lm surface morphologies [95] . However, the cyano-substituted squaraine has a signi cantly far lower HOMO level (− . vs. − . eV), a ording binary cells with far higher V OC (0.93 vs. 0.83 V) as well as higher PCE metrics (5.24 vs. 4.22%) when paired with PC BM as the acceptor. Interestingly, despite the lower HOMO, the SCLC data indicate that cyano-substituted squaraine 11 has higher hole mobility (4.00 × 10 − cm V − s − ) than the cyano-free squaraine 10 (1.67 × 10 − cm V − s − ). Density functional theory (DFT) calculations suggests that the higher hole mobility likely originates from CN-promoted intermolecular dipoledipole interactions promoting close packing in the solid state. Another widely utilized electron withdrawing group is uorine (F), which also has been widely used in the organic semiconductor literature [96] . In 2015, Huang et.al used a uorine-substituted indoline and reported the new squaraines 12 and 13. They reported that arene uorination a ects the intermolecular stacking patterns from xray analysis of single-crystals ( Figure 6 ). The electrondonating indoline segment (D) is closely stacked with the electron-de cient squarate core (A, D···A packing pattern) for non-uorinated 10, while the uorinated squaraine 13 has close π-π stacking between one molecular electron donating group (D) and electron donating group of an adjacent molecule (D') (D···D stacking pattern). The authors proposed that the D···D motif promotes hole transport more e ectively than a D···A packing pattern. Similar to the CN-substituted study discussed above, the new uorine-substituted squaraines have lowered HOMO energy levels (− .
eV for 12 and − . eV for 13) and greater hole mobilities (6.80 × 10 − cm V − s − for 12 and 9.62 × 10 − cm V − s − for 13) than those of 10 (4.81 × 10 − cm V − s − ) [97] . Therefore, the OSCs fabricated with 12/PC BM and 13/PC BM blends exhibit higher PCEs (4.5% and 5.0%, respectively) than that of uorine-free indoline-based squaraine 10 (4.0%). Note that the higher PCEs of 4.5% for 10:PC BM, 5.0% for 12:PC BM, and 6.04% for 13:PC BM were measured at elevated temperature (80 • C; Figure 6c ).
In 2018, this laboratory adopted a similar strategy by functionalizing squaraine 14 with uorine at the 5 and 6 indolyl positions, resulting in the new uorine-substituted squaraines 15 and 16, respectively ( Figure 5 ) [98] . These donor molecules exhibit, compared to the parent SQ 14, a wider optical absorption (FWHM = 180 nm for 15 and 180 nm for 16), lower HOMO energy levels (− . eV for 15 and − . eV for 16), and slightly higher hole mobilities, with performance limited by the poor FF. The data discussed above reveal that SQ OSC performance is greatly limited by the poor FF values (typically < 0.5), re ecting the low squaraine bulk hole mobility. Thus, a possible route to improve the device performance is to enhance carrier mobility by extending the SQ molecular core [100, 101] , since enlarging π-conjugation in organic semiconductors usually favors charge transport [94, 102] . [94] . New bi-squaraine 21 ( Figure 5 ) exhibits a molar extinction coe cient (ϵr = 2.84 × 10 M − cm − ) and wide optical absorption band (∼ 550 -∼ 850 nm) in solution, which is important for enhancing OSC J SC and PCE. Furthermore, this Several studies on squaraine dyes have shown that hydroxyl-substitution of the phenyl group near the squaraine core can considerably a ect key structural and opto-electronic properties such as intermolecular stacking, optical/emission characteristics, energy levels as well as a OSC performance [60] . Recent studies suggest that squaraine hydroxyl substitution consistently enhances solar cell performance versus the OH unsubstituted materials as initially reported by Kido et al in 2014 [104] . In 2017, Huang et al. reported a family of hydroxyl-substituted unsymmetric squaraines, 25-27 ( Figure 5 ) consisting of 1,2,3,3a,4,8b-hexahydrocyclopenta[b]indole with di erent -OH substitution levels on the phenyl. OSCs of structure ITO/MoO (8 nm)/ USQ:PC BM (65 nm)/LiF (0.7 nm)/Al (100 nm) exhibit similar trends with previous reports-that is increasing phenyl group hydroxy-substitution leads to higher PCEs, i.e., 4.0 % for 25, 2.8% for 26, 1.1% for 27. More recently, the same group investigated OH-substituted unsymmetrical squaraines 28-30 ( Figure 5 ) consisting of 7,7a,8,9,10,10a-hexahydro-benzo[e]cyclopenta[b]indole as the electron donating group [105] . Similar to previous reports it was found that increasing the number of OH groups from two in 28 to three in 29 a ords higher device performance, PCE = 5.34 and 6.07%, respectively (Figures 7a, 7b) . However, further increasing to four OH groups in squaraine 30 lowers the power conversion e ciency to 5.67%, which re ects erosion of the hole mobility. Furthermore, despite the fact that these blends show similar uniform surface morphologies with small RMS roughnesses of 0.23-0.37 nm, TEM characterization indicates that the 29:PC BM lms have the smallest phase separation length scales versus the 28:PC BM and 30:PC BM blends, which apparently correlates with greater charge separation e ciency at the D/A interface (Figure 7c ). In summary, these studies demonstrate that hydroxy substitution can inform the design of new high-performance SQ structures for OSCs.
Another informative structural variation in the squaraine structure is achieved by replacing one squaric core oxygen atom with an electron-de cient group such as dicyanomethylene. As noted in the previous section, a large J SC of 12.6 mA cm − is achieved using an additional dicyanovinyl acceptor moiety at the central acceptor portion of SQ structure 3 ( Figure 5 ) [70] . Interestingly, the single-crystal di raction-derived structure of 3 indicates that this squaraine is planar and crystallizes with a close π-π interplanar stacking distance of 3.4 Å (Figure 8a ), which is important for e cient exciton di usion and carrier transport. However, a low V OC of 0.31 V was achieved leading to a modest PCE of 1.79%. Nevertheless, this nding o ers an extremely important design strategy to increase PCE. Thus, Huang et al. systematically investigated the e ects of dicyanomethylenation by synthesizing Figures 9b, 9c, 9d) [120] . This result is greatly improved compared to the binary PIDTDTQx:PC BM (PCE = 5.47%) and 4:PC BM (PCE = 1.78%) cells. To understand why the addition of 4 to the polymer blend enhances performance, the authors carried out photoluminescence (PL) spectroscopy, time-resolved transient photoluminescence (TRTPL) [69] ITO/PEDOT:PSS /3:PCBM/Ca /Al 0.31 12.6 0.47 1.79 [70] ITO/ MoO3/4: PC71BM/ C60/BCP /Al 0.92 12.0 0.50 5.2 [108] ITO/5/ C60/BCP /Al 0.82 6.71 0.59 3.2 [109] ITO/PEDOT:PSS /6/ C60 /Alq3/Al 0.38 5.0 0.31 0.59 [76] ITO/MoO3 /7/ C60 /PTCBI/Al 0.92 6.3 0.63 3.7 [77] ITO/ MoO3/8: PC71BM/LiF /Al 0.81 10.19 0.48 3.9 [110] ITO/ MoO3/9: PC71BM/LiF /Al 0.78 11.80 0.45 4.12 [82] ITO/ MoO3/10: PC71BM/LiF /Al 0.81 11.03 0.48 4.29 [80] ITO/ MoO3/11: PC71BM / BCP /Al 0.92 11.38 0.50 5.24 [95] ITO/ MoO3/12: PC71BM / C70 / BCP /Al 0.87 11.18 0.46 4.47 [97] ITO/ MoO3 [112] ITO/ MoO3/40: PC71BM / BCP /Al 1.04 9.48 0.41 4.04 [113] spectroscopy, space-charge-limited current (SCLC), and atomic force microscopy (AFM) measurements. The PL intensity of PIDTDTQx is considerably quenched as the 4 content increases, indicating energy or charge transfer (CT) from PIDTDTQx to 4. TRTPL spectroscopy results show that excitons in PIDTDTQx and 4 can be e ectively quenched by each other and CT may occur between PIDTDTQx and 4. Single carrier diodes were also fabricated using ITO/PEDOT:PSS/active layer/MoO /Ag as hole-only and Al/LiF/active layer/LiF/Al as electron-only devices, respectively, and mobilities were estimated by the SCLC model. For the ternary solar cells with 9 wt% of 4, the hole and electron mobilities are more balanced with a µ h /µe value of 1.34. Therefore, the main contributors to the increased PCEs of the ternary solar cells are the enhanced photon harvesting, CT between PIDTDTQx, and 4 and more balanced charge transport. In 2016, the Wu group [128] synthesized new nearinfrared (NIR) absorbing squaraine derivative 41, and investigated the e ect of adding it to a conventional P3HT:PC BM binary OSC. 41 exhibits a strong NIR absorption from 600 to 800 nm, and the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) are positioned between the corresponding levels of P3HT and PC BM. The complementary optical absorption (Figure 9b ) and cascade energy levels suggest that 41 as the third component is promising to further increase P3HT:PC BM solar cell performance. As a control cell, the binary P3HT:PC BM blend has a V OC of 0.56 V, a J SC of 9.90 mA/cm ,a FF of 0.60, and a PCE of 3.33%. The highest PCE of 3.93% with V OC of 0.56 V, J SC of 11.32 mA/cm and FF of 0.62 was achieved for the ternary blend having 2.4 wt% of 41 (Figures 9c, 9d) . To investigate how 41 a ects BHJ blend lm morphology, AFM and Xray di raction (XRD) measurements were performed. AFM images show that the ternary blend lms are generally smoother than the control binary lms, as long as the 41 content is less than 10 wt%. The surface morphology of the ternary P3HT:PC BM:2.4 wt% 41 blend is the smoothest with a root mean square (RMS) roughness of~8.26 nm. XRD results are in good agreement with the AFM images. Incorporating < 3.6 wt% 41 into the P3HT:PC BM system enhances the intensity of the P3HT lamellar di raction peak corresponding to the interchain spacing of P3HT, indicating that the crystalline packing of P3HT is enhanced on adding a small amount of 41. However, incorporation of larger amounts of 41 into the lm (> 3.6 wt%) result in decreased intensity of the P3HT di raction peak. Both AFM images and XRD spectra indicate that low concentrations of 41 in the P3HT:PC BM system do not substantially disturb the lm morphology, while larger amounts of 41 are deleterious to the lm morphology.
In 2017, Zhao and co-workers [129] The larger µe / µ h ratios for the 44 and 9 10%-doped ternary devices point to reduced charge extraction and serious charge recombination in these devices, consistent with the FF trend of 50.09%, 51.68%, 52.16%, 47.76%, and 45.68%, respectively, and PCE of 5.37%, 5.87%, 5.92%, 4.51%, and 4.03%, respectively. The carrier recombination characteristics in the ternary devices were investigated by transient photovoltage (TPV) measurements. The charge carrier lifetime τ was determined by tting the TPV signal with single-exponential decay. The charge carrier lifetime of binary device and 43-based ternary devices are 22.5 µs and 23.2 µs, respectively, which falls to 13.6 µs when 9 is used as ternary component. The authors also measured charge carrier lifetimes of these devices at various V OC condition. The result for the 43 based ternary device is almost identical to that of binary device under various V OC conditions, while the carrier lifetime of the ternary device incorporated with 9 decreases dramatically, indicating more signi cant charge carrier recombination. Therefore, the mobility and TPV data clearly explain the solar cell performance, underscoring that both the absorption spectrum and energy levels of the added material must be considered in fabricating e cient ternary solar cells.
Finally and very recently (2018), this Laboratory [132] reported ternary solar cells by combining two squaraine [132] donors, 29 [105] and 40 [133] , having complementary optical absorption with PC BM as the acceptor. In the experiment, the weight ratio of 29:PC BM in the blend was maintained at 1:3 and di erent amounts , which is the highest value reported to date for a squaraine solar cell measured at 25ºC. As control, the corresponding binary cells exhibit a maximum PCE of 4.65% (40 binary) and 6.85% (29 binary) at 25ºC. This PCE di erence between two binary cells is explained by the single crystal structure and SCLC measurements. For the ternary blends, SCLC measurements and transmission electron microscopy (TEM) imaging indicate that the charge mobility slightly increases and the BHJ domain size optimizes for the 0.15:1.0:3.0 ternary blend vs that based on the 29 blend. Grazing incidence wide-angle X-ray scattering (GIWAXS) data reveal that enhanced π-π stacking and larger correlation lengths can be achieved by thermal annealing of the ternary blend lms, leading to the slight PCE enhancement ( Figure 10 ). Charge recombination measurements show that 40 can be incorporated into the blend without increasing charge recombination. Overall, the 40: 29: PC BM = 0.15:1.0:3.0 ternary devices have far greater and balanced mobilities and enhanced solar light absorption, resulting in enhanced OSC metrics. Finally, exible solar cells on polyethylene terephthalate (PET) with a PCE of ∼ 4.5% were also fabricated. This study demonstrates that readily accessible squaraine cores represent a viable choice for the rational design of new organic solar cell donor materials.
Conclusions and prospective
We have reviewed the recent advances of SQ dyes and SQ dye-based solar cells since 2015, including molecular design and their applications on the binary/ternary solar cells. With impressive e orts by the SQ community, great advances have been achieved in recent years. Indoline and their derivatives are promising moieties for squaraine solar cells, and the central -OH substituent is an essential factor to preserve and enhance PCE. Moreover, enlarging the π-conjunction is another e ective strategy for highperformance squaraine solar cells, which should be further emphasized in future molecular design. SQ as a third component incorporated with other semiconductors for ternary solar cells is another promising direction for SQ solar cells. However, the PCEs of squaraine OSCs is still far behind of the state-of-the-art in organic solar energy conversion, especially in view of the recent advances in polymeric nonfullerene solar cells. To further enhance the PCEs of SQ solar cells, the critical issue is still the hole mobility. Higher charge mobilities could lead to better J SC and FF metrics. It noteworthy that the modest FFs (∼ 0.50) of SQ solar cells is a key bottleneck for improving PCEs in these devices. Materials design and morphology optimization are routes to achieve high carrier mobility devices. Furthermore, it is essential to explore with greater e orts the performance of SQ solar cells fabricated with nonfullerene acceptors. With these issues addressed properly, greater PCEs can be expected for SQ solar cells in the future.
